INTRODUCTION
============

Crossed cerebellar diaschisis (CCD) is a phenomenon involving a decrease in metabolic activity and cerebellar blood flow contralateral to the supratentorial brain lesion \[[@B1]\]. The incidence of CCD after supratentorial stroke ranges from 15.6% to 46.2% \[[@B2]\]. The mechanism of CCD was proposed to be related to the interruption of the corticopontocerebellar tract \[[@B3][@B4][@B5]\], which may be caused by stroke, tumor, arteriovenous malformations, epilepsy, or encephalitis. Additionally, other tracts including the spinocerebellar \[[@B6]\] and dentatorubrothalamic tracts \[[@B7]\] were proposed to be involved in CCD pathogenesis.

There were several assumptions regarding the factors associated with CCD. Many researchers argued that a huge infarction volume \[[@B8][@B9]\], and the severity of impaired perfusion \[[@B10]\] are related CCD. Other studies indicated that the location of stroke \[[@B11]\] or side of the lesion \[[@B2]\] is associated with CCD. Additionally, the association between CCD and functional outcome is still under debate. It is unclear whether CCD is correlated to outcomes \[[@B10][@B12][@B13]\] or not related \[[@B14][@B15]\]. Even authors who agree that there is an association between CCD and issues, have yet to clarify if motor function \[[@B12][@B16][@B17]\], activities of daily living (ADL) \[[@B13]\], or global function \[[@B10]\] are associated with CCD.

Although many previous studies have attempted to explain the predisposing factors of CCD or the relationship between outcomes and CCD, most were concerned with ischemic stroke. Even researchers who investigated patients with hemorrhage also involved patients with ischemic stroke, which made participants heterogeneous. A few reports were aimed at hemorrhagic stroke patients solely. This study was therefore designed to clarify the risk factors for CCD and investigate the relationship of CCD with outcomes including motor function, cognitive function, ADLs, and mobility in patients experiencing their first supratentorial hemorrhage.

MATERIALS AND METHODS
=====================

Participants
------------

We reviewed the medical records of patients who visited our hospital from January 2011 to December 2015 diagnosed with their first supratentorial intracerebral hemorrhage (ICH) ([Fig. 1](#F1){ref-type="fig"}). Computed tomography (CT) (SOMATOM Definition Flash; Siemens, Munich, Germany) was performed in every patient upon arrival at the emergency room (ER). All patients were diagnosed with ICH by a neurosurgeon or neuroradiologist based on the CT results. Among these patients, we selected those who were referred to a rehabilitation department and underwent single photon emission computed tomography (SPECT) during admission ([Fig. 2](#F2){ref-type="fig"}). Patients were excluded when they met the following criteria: (1) past medical history of diseases affecting motor function, ADL, and mobility outcomes; (2) past medical history of conditions affecting cognitive function; and (3) inability to ambulate independently before the onset of ICH. This study was approved by the Institutional Review Board of Wonkwang University Hospital (IRB No. WKUH 201601-HRE-006).

Determination of CCD
--------------------

SPECT was performed 60 minutes after intravenous injection of 555 MBq of ^99m^Tc-HMPAO using a dual-head detector gamma camera (Millennium MG; GE Medical System, Waukesha, WI, USA). SPECT images were acquired using a low-energy high-resolution parallel-hole collimator with a γ-ray energy window of 140 keV±10% in a 128×128 matrix size. Sixty-four step and shoot images were obtained at intervals of 2.8° for 15 seconds per step. SPECT images were reconstructed with two iterations using an ordered subset expectation maximization algorithm and regularized with a Butterworth filter.

Based on the neural linkage of the cerebral cortex to the deep cerebellar nuclei, we measured the perfusion asymmetry in the lateral zone of both cerebellar hemispheres, which is densely interconnected with the cerebral cortex \[[@B18]\] and associated with limb movement \[[@B19][@B20]\]. This area was shown to be related to the neurological outcome and is a better indicator than the medial zone when measuring CCD \[[@B8]\]. Regions of interest (ROIs) at sequential 3 axial slices showing prominent perfusion asymmetry were drawn by a nuclear medicine physician ([Fig. 3](#F3){ref-type="fig"}). Then, the mean counts per pixel of ROIs were quantitatively measured and averaged. Finally, the cerebellar interhemispheric asymmetry index (AI) of the lateral zone was calculated as follow \[[@B21][@B22]\]: $$AI\left( \% \right) = \frac{ICL - CCL}{\frac{ICL + CCL}{2}} \times 100\%$$

where ICL is the mean counts/pixel of one zone in the ipsilateral cerebellar hemisphere and CCL is the mean counts/pixel of the corresponding zone in the contralateral cerebellar hemisphere. CCD was considered to be present if the AI of a certain zone was larger than 10% \[[@B5][@B11]\].

Method of investigating potential risk factors relevant to CCD
--------------------------------------------------------------

Factors that may be associated with CCD were examined by reviewing the medical records of patients who met the inclusion criteria. They were subdivided into the following two groups: clinical factors and radiologic factors. Clinical factors included age, sex, body mass index (BMI), past history of hypertension (HTN), past history of diabetes mellitus (DM), past history of hyperlipidemia, initial Glasgow Coma Scale (GCS) score, estimated glomerular filtration rate (eGFR), and functional outcomes, including the Fugl-Meyer Assessment (FMA), the Korean version of Mini-Mental State Examination (K-MMSE), the Korean version of the Modified Barthel Index (K-MBI), and then Functional Ambulatory Category (FAC), which were assessed when patients were referred to and underwent SPECT. The initial GCS score was assessed by a neurosurgeon when the patient arrived at the ER. eGFR was calculated by the Modification of Diet in Renal Disease (MDRD) \[[@B23]\]. Radiologic factors included the concomitance of intraventricular hemorrhage (IVH), lesion side, location of the lesion, and hemorrhagic volume. These radiologic factors were collected based on the results of CT upon the first visit to the ER. To investigate the association between the occurrence of CCD and location of the lesion, lesions were subdivided into basal ganglia and non-basal ganglia. Hemorrhagic volume was calculated by a neuroradiologist using the ABC/2 method \[[@B24]\].

Relevancy between CCD and functional recovery after 6 months
------------------------------------------------------------

Functional parameters were classified into the following four categories: motor function, cognitive function, ADL, and ambulation. To quantify and assess motor function, the FMA was used. The FMA is known to be a useful evaluation tool that assesses the degree of motor impairment after stroke \[[@B25]\]. It has the following five domains: motor function, sensory function, balance, the range of motion, and pain. Of these domains, because we aimed to measure motor function in patients with ICH, we used the motor domain scale, which consists of two parts (the upper extremity and lower extremity). Scores for the upper extremity and lower extremity were summed into a total FMA motor score. To evaluate cognitive function, the K-MMSE was used. To assess ADLs, the K-MBI was measured. The K-MBI has 10 subjects measuring individual performance and ADL capacity. Lastly, to assess ambulation, the FAC was used. The FAC uses six categories to classify the patient\'s ability to ambulate, which range from nonfunctional ambulation to independent gait \[[@B26]\]. These parameters were investigated by reviewing the medical records and assessed initially when the patients underwent SPECT and 6 months after onset.

Factors which may influence the degree of improvement in functional outcomes were investigated by reviewing medical records. Initial grade of paresis is an important prognostic factor of motor recovery \[[@B27][@B28]\]. Cognition was affected by age \[[@B29][@B30]\] in the previous studies. Improvement of ADL was influenced by age \[[@B31]\]. Recovery of walking function was related to the degree of walking dysfunction at onset \[[@B32]\].

Statistical analysis
--------------------

The fundamental characteristics of the study groups were examined by the Kolmogorov-Smirnov test to verify a normal distribution. To compare the differences between the CCD-positive group and CCD-negative group, the chi-square (χ^2^) test or Fisher exact test was used for categorical variables; the independent t-test or Mann-Whitney test was used for continuous variables. Items which resulted in a p-value less than 0.1 in the previous univariate analysis were further analyzed by multivariate logistic regression to confirm the relevant factors. All functional outcomes recorded when the patients underwent SPECT and 6 months after onset were analyzed to establish pre-post differences in each group by using the paired t-test. The degree of improvement in functional outcomes was analyzed to establish differences between two groups by using the independent t-test. After that, to assess the effect of CCD on the recovery of functional outcomes after 6 months, multiple linear regression analysis was performed. Besides occurrence of CCD, factors which were shown to be relevant with the occurrence of CCD in this study and which were considered closely related with functional outcomes in the previous studies were set as independent variables in this analysis. Statistical analysis was performed with SPSS version 22.0 (IBM Inc., Armonk, New York, USA) and p-values \<0.05 was considered statistically significant.

RESULTS
=======

Eighty-two patients had first-ever ICH in the basal ganglia, thalamus, or lobes. Among these patients, three patients were excluded due to their past history. After that, 79 patients were included in this study. However, 5 patients were excluded due to poor SPECT image quality, which made analysis impossible. Thus, 74 patients were finally included; CCD was found to be present in 34 cases (45.9%). In the CCD-positive group and CCD-negative group, the mean AI was 16.7%±5.4% and 3.9%±3.9%, respectively ([Table 1](#T1){ref-type="table"}). The 95% confidence interval (CI) of AI was 14.9--18.5 in CCD-positive group and 2.7--5.1 in CCD-negative group. All patients underwent SPECT in 42.8±29.5 days after onset in the CCD-positive group, and 53.2±45.6 days after beginning in the CCD-negative group. There was no significant difference in elapsed time before SPECT between the two groups.

Presumable risk factors related to CCD
--------------------------------------

Initial GCS score, FMA score, and K-MBI score assessed at the time of SPECT measurement, the location of the lesion, and hemorrhagic volume showed statistically significant differences between two groups after univariate analysis ([Table 2](#T2){ref-type="table"}). The initial GCS score in the CCD-positive group and the CCD-negative group was 11.1±3.8 and 12.5±2.9, respectively (p=0.071). The FMA score in the CCD-positive group and the CCD-negative group was 12.6±15.1 and 34.7±27.3, respectively (p\<0.001). The K-MBI score in the CCD-positive group and the CCD-negative group was 24.2±19.8 and 36.1±23.9, respectively (p=0.025). Other clinical factors, including age, sex, BMI, past history of HTN, past history of DM, past history of hyperlipidemia, eGFR, K-MMSE score and FAC score assessed at the time of SPECT measurement, showed no significant differences between two groups. Among radiologic factors, only the lesion location and hemorrhagic volume showed significant differences between groups (p=0.027 and p\<0.001, respectively). Lesion locations were as follows: 28 in the basal ganglia (82.3%) and 6 in the non-basal ganglia (17.7%) in the CCD-positive group, and 21 in the basal ganglia (52.5%) and 19 in the non-basal ganglia (47.5%) in the CCD-negative group. Regarding hemorrhagic volume, the volume recorded in the CCD-positive group and CCD-negative group was 18.5±14.2 mL and 8.0±7.8 mL, respectively. Other factors such as the concomitance of IVH and lesion side, were not significantly different between two groups.

Multivariate logistic regression analysis was conducted with factors that were significantly different in the univariate analysis ([Table 3](#T3){ref-type="table"}). The abovementioned factors were set as independent variables, and the occurrence of CCD was set as a dependent variable. Regarding lesion location, CCD was 6.1 times more likely to happen in basal ganglia hemorrhages than non-basal ganglia hemorrhages (odds ratio \[OR\]=6.138; 95% CI, 1.524--24.720; p=0.011). CCD was also significantly related to high hemorrhagic volume (OR=1.055; 95% CI, 1.021--1.148; p=0.046). Of the factors studied, the location of the lesion and hemorrhagic volume were found to be the most accurate predictors of risk of CCD.

Relationship between CCD and functional recovery after 6 months
---------------------------------------------------------------

Six months after onset, motor function, cognitive function, ADL, and ambulation improved significantly compared with the assessments performed at the timing when patients underwent SPECT in both groups ([Table 4](#T4){ref-type="table"}). The difference of degree of improvement in FMA score was significant between the CCD-positive group and CCD-negative group (p=0.032). There was no significant difference in other functional outcomes between the two groups. To verify the relationship between the differences in degree of improvement of FMA score and CCD, multivariate linear regression analysis was performed ([Table 5](#T5){ref-type="table"}). CCD was associated with poor improvements of FMA score over 6 months (R^2^=0.152, p=0.036). There were no significant correlations between CCD and the degree of improvement in K-MMSE, K-MBI, and FAC during the 6 months after onset.

DISCUSSION
==========

In this study, we aimed to investigate the incidence of CCD and identify the correlation between CCD and functional recovery. In our study, CCD was observed in 45.9% of the patients. This was similar to the previously reported prevalence of CCD \[[@B2][@B5]\]. Additionally, our study demonstrated that ICH volume and lesion location may be predisposing factors of CCD and that the presence of CCD may affect motor outcomes at 6 months after a stroke.

Our results suggest that lesion location and hemorrhagic volume are related to the occurrence of CCD. Many previous studies have attempted to reveal possible risk factors associated with the occurrence of CCD. Prior studies aimed at evaluating ischemic stroke have shown that volume \[[@B8][@B9][@B17]\], and lesion location \[[@B2][@B5]\] may be predisposing factors for CCD. Liu et al. \[[@B8]\] concluded that CCD was correlated with a large infarction volume. Sobesky et al. \[[@B9]\] reported that the existence of CCD is related to supratentorial hypoperfusion volume in the early stage of middle cerebral artery infarction, but not to the severity of brain injury. Lin et al. \[[@B33]\] reported that lesion volume might account for the presence of CCD. Our findings support these preceding studies. Regarding lesion location, basal ganglia \[[@B21]\], thalamus \[[@B7]\], postcentral, supramarginal \[[@B11]\], frontoparietal lobe \[[@B5]\] were reported to be related to CCD. In our study, hemorrhage in the basal ganglia showed a higher incidence of CCD than hemorrhage in the non-basal ganglia. This result was similar to the previous study \[[@B21]\]. Basal ganglia had diverse neuronal connections which reached the other areas of the brain. Interruption of these neuronal connections might be associated with the occurrence of CCD.

To assess the correlation between stroke severity and CCD, the modified Canadian Neurological Scale \[[@B14]\] and Scandinavian Neurological Scale \[[@B13]\] have been used in previous studies. The authors found significant associations between CCD and stroke severity and concluded that stroke severity is related to CCD. In our study, to investigate the influence of stroke severity, the initial GCS score and FMA score were used; contrary to prior studies, no relationship with CCD was evident. This might be explained by the differences between hemorrhagic stroke and ischemic stroke, or the difference between GCS, FMA score and other tools such as modified Canadian Neurological scale and Scandinavian Neurological scale. Additionally, laterality did not show a correlation with CCD. Contrary to a report that the left side is related to CCD \[[@B2]\], we could not find any association between left-side lesions and CCD. It is unclear whether these results are influenced by heterogeneous groups or the number of participants, making them different with that of previous studies.

Our results are consistent with those of previous studies that concluded that the occurrence of CCD had a close association with motor recovery \[[@B12][@B16][@B17]\]. Chon et al. \[[@B12]\] proposed that CCD may represent a degree of motor function, rather than ADLs or a cognitive aspect. They showed that MBI and MMSE were not related to CCD. This is similar to the results of a study by Choi et al. \[[@B16]\]. Both authors elucidated that CCD is a prognostic factor for motor function. Another study suggested that functional recovery of the hand after stroke was associated with CCD \[[@B17]\]. The authors assessed the function of the hand and finger and compared them with functional magnetic resonance imaging (MRI). Interestingly, other researchers used the Brunnstrom stage to establish the clinical usefulness of CCD \[[@B34]\] and concluded that CCD and Brunnstrom stage have a close correlation.

Some authors have demonstrated that CCD has no prognostic value in stroke outcome. Infeld et al. \[[@B14]\] showed that CCD could not predict brain recovery after stroke. They used the Barthel index to establish whether CCD could predict stroke outcome. Laloux et al. \[[@B15]\] showed no association between CCD and functional status using the Rankin scale. De Reuck et al. \[[@B35]\] concluded that the existence of CCD had no clinical significance when they assessed CCD with the Orgogozo stroke scale. These disagreements may be attributed to the heterogeneity of the experimental group, variable timing of CCD measurement, or diversity of the assessment tools used by the previous researchers.

There were several limitations of this study. First, this study was designed as a retrospective study which produces selection bias. Second, as this was a single-center study, only small populations were available. Third, in addition to CCD, functional outcomes after 6 months from the onset of stroke might be affected by the intensity of rehabilitation \[[@B36]\], comorbidity, and complications. A stratified analysis should be performed in larger prospective studies to overcome these limitations.

In conclusion, CCD was seen in 45.9% of patients who experienced their first intracerebral hemorrhage. Lesion location and hemorrhagic volume were predisposing factors for CCD. In this study, in the presence of CCD, patients had poorer motor outcomes after 6 months from onset than those without CCD.
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![Flow chart for the patient selection process. We reviewed the medical records of patients who visited Wonkwang University Hospital from January 2011 to December 2015 diagnosed with their first intracerebral hemorrhage (ICH) in the basal ganglia, thalamus, or lobes. Among them, patients who had concomitant cerebral infarction were excluded. After that, patients who met the exclusion criteria were excluded. Finally, patients who had poor single-photon emission-computed tomography (SPECT) images were excluded.](arm-42-8-g001){#F1}

![Brain single-photon emission-computed tomography (SPECT) image of a 69-year-old woman. She had a right basal ganglia hemorrhage on the CT. (A) Baseline SPECT showed a severe perfusion deficit in the right basal ganglia and surrounding area. (B) Moderate hypoperfusion in the left lateral zone of the cerebellum (white arrowhead) was also noticed. In this case, asymmetry index was 24.7% and she was diagnosed to have crossed cerebellar diaschisis.](arm-42-8-g002){#F2}

![Determination of the presence of crossed cerebellar diaschisis (CCD). Regions of interest (ROI) were drawn in the lateral zone of the cerebellum. The mean counts per pixel of ROIs were quantitatively measured in sequential 3 axial images showing prominent cerebellar perfusion asymmetry and mean value was calculated. The cerebellar interhemispheric asymmetry index (AI) was measured. Finally, CCD has confirmed if AI was more than 10%.](arm-42-8-g003){#F3}

###### Findings of cerebellar perfusion using SPECT

![](arm-42-8-i001)

SPECT, single photon emission computed tomography; AI, asymmetry index; CI, confidence interval; CCD, crossed cerebellar diaschisis.

^a)^Independent t-test to compare the differences of elapsed time for SPECT between two groups.

###### Baseline characteristics of the participants

![](arm-42-8-i002)

Values are presented as mean±standard deviation or number (%).

CCD, crossed cerebellar diaschisis; BMI, body mass index; GCS, Glasgow Coma Scale; eGFR, estimated glomerular filtration rate; FMA, Fugl-Meyer Assessment; K-MMSE, Korean version of Mini-Mental State Examination; K-MBI, Korean version of Modified Barthel Index; FAC, Functional Ambulatory Category; IVH, intraventricular hemorrhage; BG, basal ganglia.

^a)^All functional outcomes were assessed when patients were referred to and underwent SPECT.

^\*^p\<0.1.

###### Factors relevant to the crossed cerebellar diaschisis after multivariate analysis

![](arm-42-8-i003)

OR, odd ratio; CI, confidence interval; GCS, Glasgow Coma Scale; FMA, Fugl-Meyer Assessment; SPECT, single photon emission computed tomography; K-MBI, the Korean version of Modified Barthel Index.

^\*^p\<0.05.

###### Change in functional outcome measures in the CCD positive and negative groups

![](arm-42-8-i004)

Values are presented as mean±standard deviation.

CCD, crossed cerebellar diaschisis; FMA, Fugl-Meyer Assessment; K-MMSE, the Korean version of Mini-Mental State Examination; K-MBI, the Korean version of Modified Barthel Index; FAC, Functional Ambulatory Category.

^a)^All functional outcomes were assessed when patients were referred to and underwent SPECT.

^b)^Paired t-test to analyze pre-post differences between assessment at the time of SPECT measurement and 6 months after onset in each group.

^c)^Independent t-test to analyze differences in degree of improvements in functional outcomes between two groups.

^\*^p\<0.05.

###### Relations between CCD and degree of improvement in functional domains

![](arm-42-8-i005)

CCD, crossed cerebellar diaschisis; FMA, Fugl-Meyer Assessment; K-MMSE, Korean version of Mini-Mental State Examination; K-MBI, Korean version of Modified Barthel Index; FAC, Functional Ambulatory Category; Δ, differences of functional outcome between initial assessment when the patients underwent SPECT and 6 months after the onset.

^a)^Adjusted variables: FMA score when the patients underwent SPECT, location of lesion, volume of hemorrhage.

^b)^Adjusted variables: age, location of lesion, volume of hemorrhage.

^c)^Adjusted variables: age, location of lesion, volume of hemorrhage.

^d)^Adjusted variables: FAC score when the patients underwent SPECT, location of lesion, volume of hemorrhage.

^\*^p\<0.05.
